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Anthropogenic activities have greatly accelerated eutrophication and harmful algal 
bloom (HAB) by increasing the movement of nutrients from inland watersheds to lakes, 
rivers, reservoirs and coastal waters. The sources of these nutrients include agricultural 
field, domestic wastes, industrial wastewater, sewage treatment plants, urban runoff, and 
burning of fossil fuels. Eutrophication and HAB have become the primary water quality 
concern in China’s water bodies, especially in the coastal areas experiencing rapid 
economic and urban growth. An integrated analysis was conducted using long-term data 
in the Jiulong River Basin-Xiamen Bay in Southeast China to investigate the nutrient 
status, eutrophication dynamics and further propose management strategies for mitigating 
the eutrophication problems. The analysis showed that the changing anthropogenic 
stresses and other external nutrient addition in recent 30 years were a key driver of 
eutrophication problems in the Jiulong River Basin and adjacent Xiamen Bay. According 
to the findings, a shift in nutrient (N and P) ratios was detected in the Jiulong River and 
estuarine waters due to high P excreta discharge from animal breeding and more 
inorganic P fertilizers applied to cash crops’ land in recent years. The decline N:P ratio in 
water was believed to add risk of HAB proliferation. 
 
The study findings on current knowledge addressing eutrophication and HAB processes 
in the Jiulong River Basin proposed the implementation of an integrated management 
approach to protect water resources and restore the ecosystem. This approach 
acknowledges the hydrologic connections between upstream and downstream areas, 
including surface and groundwater interactions, and considers the cumulative impacts of 
all activities that take place throughout the basin. It aims at integration of social and 
natural resources management. Effective management implementation program requires 
coordination of efforts between and among government agencies, stakeholders, and 
residents, and the establishment of effective partnerships in the Jiulong River Basin. 
Furthermore, dual nutrient (both N and P) monitoring and eco-phytotechnology 















management of water quality. Therefore the above findings highlighted an urgent need 
for a more comprehensive, holistic and integrated coastal-basin management strategy to 
achieve water quality and ecosystem restoration in the Jiulong River Basin. 
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CHAPTER 1: STUDY BACKGROUND 
1.1 Introduction. 
Over the last 20 years, there has been a growing awareness that aquatic ecosystems have 
been experiencing a number of environmental problems that can be attributed to the 
introduction of excess nutrients (mainly N and P). In addition to population growth, 
eutrophication arises from the large increases in the use of chemical fertilizers that began 
in the 1950s and which are projected to continue to escalate in the coming decades (Smil, 
2001). The global production of agricultural fertilizers increased from <10 million metric 
tonnes of N in 1950 to ca. 80 million metric tonnes in 1990, and its production is predicted 
by some authors to exceed 135 million metric tonnes of N by 2030 (Vitousek et al., 
1997b). 
 
Eutrophication is now recognized to be one of the important factors contributing to habitat 
change and to the geographical and temporal expansion of some harmful algal bloom 
(HAB) species (Smayda, 1990; Anderson et al., 2002). Nutrients export from point and 
nonpoint sources can have profound effects upon the quality of receiving waters 
(Carpenter et al., 1998; Correll, 1998). Direct and indirect ecological impacts of nutrient 
enrichment include increased primary productivity, increased phytoplankton biomass, 
reduction in water clarity, increased incidences of low oxygen events (hypoxia and 
anoxia), change in trophic structure, trophodynamics of phytoplankton, zooplankton, and 
benthic communities. (http://www.nap.edu/catalog/9812.html). 
 
The degradation of water resources by eutrophication can result in losses of their 
component species, as well as losses of the amenities or services that these systems 
provide (Postel and Carpenter, 1997; US EPA, 1996a; Carpenter et al., 1998). 
Impairment of aquatic resources by eutrophication thus can have substantial economic 
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ecosystem services that are foregone due to the consequences of eutrophication 
(Carpenter et al., 1999). Eutrophic drinking water supply reservoir, for example, are 
much more likely to have higher treatment costs, greater difficulties in meeting standards 
for disinfecting by-products, consumer complaints due to objectionable tastes and odor 
and health hazards due to algal toxins in the finished drinking water (Cooke and Kennedy, 
2001). Quantitative assessment of eutrophication is not an easy approach although the 
cause-effect variables of the phenomenon are well defined and the dynamics of 
eutrophication have been well understood a long time ago (Dugdale, 1967). However, 
human activities have greatly accelerated eutrophication process by increasing the natural 
movement of nutrients from inland watersheds to water bodies.  
 
The Jiulong River Basin has experienced population growth, rapid agriculture 
development and urbanization since China’s open and reform policy initiated in 1978, 
accompanied by substantial water degradation and eutrophication problems (Hong et al., 
1999; Chen et al., 2011). With such rapid economic growth in the basin, environmental 
resource problems such as rising discharges into water bodies, increasing eutrophication 
and red tides issues, reduction in water species and degradation of aquatic ecosystems; 
declining fishery resources have become more severe (FPG, 1999). These issues have 
threatened safe drinking water supply and challenged sustainable development in the 
Jiulong River Basin. One of examples is the newly HAB event which occurred in January 
throughout February, 2009 in most of the reservoirs in the North Jiulong River, which had 
an impact on water supply for Xiamen and Zhangzhou City. 
 
The study analyzes the current knowledge on eutrophication dynamics and assesses past 
and ongoing efforts to monitor and evaluate water quality on various scales in the basin. 
Based on this analysis, the study recommends a management framework to help basin 
managers and concerned stakeholders achieve meaningful mitigation of eutrophication 
problems in the near-term and identifying areas where future efforts hold the promise of 
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1.2 Objectives of the study. 
1. To identify the key factors influencing eutrophication dynamics in the Jiulong River 
Basin and Xiamen Bay. 
2. To assess the nutrient dynamics in relation to harmful algal bloom proliferation in 
the Jiulong River Basin and Xiamen Bay. 
3. To design a management framework for nutrient management and eutrophication 
control based on the findings of the study. 
 
1.3 Significance/relevance of the study. 
The study will provide baseline information on nutrient status and eutrophication 
dynamics in the Jiulong River Basin and Xiamen Bay and suggest key areas that may be 
essential for future research efforts. This study will also provide advice to local 
government agencies and other relevant stakeholders on how better translate scientific 
knowledge into effective policy and management strategies for nutrient abatement and 
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2.1 Eutrophication process. 
According to Steele (1974), eutrophication is the increase of the growth rate of algae, 
following a faster rate of nutrients in the marine environment as well as the consequences. 
However, OSPAR (2003) defines eutrophication as the enrichment of water by nutrients 
causing an accelerated growth of algae and higher forms of plant life to produce an 
undesirable disturbance to the balance of organisms present in the water and the quality of 
the water concerned. 
 
Eutrophication process can be viewed in the following stages; Oligotrophic - low in 
nutrients and not productive in terms of aquatic animal and plant life, Mesotrophic - 
intermediate levels of nutrients, fairly productive in terms of aquatic animal and plant life 
and showing emerging signs of water quality problems, Eutrophic - rich in nutrients, very 
productive in terms of aquatic animal and plant life and showing increasing signs of water 
quality problems, Hypertrophic - very high nutrient concentrations where plant growth is 
determined by physical factors. Water quality problems are serious and almost continuous 
(Nixon, 1995). 
 
In the majority of freshwater systems, phosphorus tends to be the limiting element as the 
amount of biologically available P is small in relation to the quantity required for algal 
growth and as such, an increase in P will result in an increase in productivity. However, in 
marine ecosystems, nitrogen tends to be the limiting nutrient, and where N is limiting, 
some cyanobacteria (blue-green algae or cyanophytes) which are able to fix N will grow 
provided P is not limiting (GESAMP, 1990). Therefore it is imminent that cultural inputs 
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Fig. 2.1: Eutrophication Process Model (Bricker et al., 1999). 
 
2.2 Nutrient cycles in aquatic ecosystems. 
Nutrient enrichment of aquatic systems from anthropogenic sources includes point and 
nonpoint sources. (Carpenter et al., 1998). Point sources generally are less important 
nutrient contributors than nonpoint sources, when considered on an annual basis (National 
Research Council 2000). Nonpoint sources of nutrients (from agricultural activities, 
fossil-fuel combustion, and animal feeding operations, etc) are often of greater concern 
because they are larger and more difficult to control. (Howarth et al., 1996).  
 
The sources of human inputs of N vary greatly among different regions of the world. 
Globally, the production of synthetic N fertilizer is the single biggest alteration of the N 
cycle by humans, and in many regions and basins, agriculture dominates the N flux. 
(Howarth et al., 2002a). Human activity creates reactive N through three mechanisms: (1) 
encouragement of biological N fixation associated with agriculture; (2) production of 
synthetic N fertilizer; and (3) inadvertent creation of reactive N through reaction with 
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Furthermore, atmospheric deposition of N comes from both fossil fuel combustion and 
from volatilization from agriculture and its magnitude is likely to be underestimated in 
many cases, since gaseous dry N deposition is seldom measured (Galloway et al., 2004, 
Howarth et al., 2002a). Also aquaculture ponds and cage culture systems represent another 
source of nutrients, provided as feed or fertilizer and by the biological transformations 
occurring in these high-biomass systems. It has been suggested that these enriched 
systems may promote the growth of harmful species not previously detected in the source 
water (Anderson, 1989; Hallegraeff, 1993). External sources are at a rise and have been 
intensified by human activities in most of the upstream catchments. 
 
Besides external input and regeneration in water columns, inorganic N released from 
sediments is an important N source for primary production (Gardner et al., 1987), 
especially in shallow lakes (Harrison, 1980). The sediment-water interface plays a major 
role in N cycling of aquatic ecosystems through mineralization of particulate or dissolved 
organic N including ammonification, nitrification, denitrification (Blackburn and Sorensen, 
1988). Such processes result in exchange of DIN (dissolved inorganic N) at the 
sediment-water interface and accumulation of ammonium in the interstitial water (Denis et 
al., 2001, Hasegawa and Okino, 2004).  
 
According to Meybeck (1982), Inputs of the major nutrients include both inorganic 
(ammonium, nitrate, nitrite, phosphate, silicate) and organic forms (dissolved organic and 
particulate matter). The magnitude and changing composition of nutrients, both inorganic 
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Fig. 2.2: General sources of nutrients and main routes of transport to coastal waters 
(National Research Council, 2000). 
 
2.3 Climate change and eutrophication process. 
Global climate changes resulting from enhanced emission of greenhouse gasses will 
probably influence water resources quality and quantity due to changes of water budget 
in a catchment and water temperature (Hillbricht-Ilkowska, 1993; Varis and Somlyody, 
1994; Kaczmarek et al., 1996; Zalewski and Wagner, 1995). Recent search shows the 
effects of eutrophication are likely to be substantially modified by changing climate 
conditions and that there is a pressing need to understand how eutrophication and global 
climatic stressors will interact in the future. (Russell and Connell, 2009; Smith and 
Schindler, 2009).  
 
Increase of temperature will accelerate rate of nutrient cycling and internal supply in 
freshwater. Processes responsible for internal loading are highly dependent on temperature. 
They are related to: animal excretion (Lehman, 1988; Henry, 1985; Gulati et al., 1995), 
enzyme activity (Romanowska-Duda et al., 1997), microbial organic matter 
decomposition (Kamp-Nielsen, 1993; Wagner, 1995; Zalewski et al., 1997) and physical 
processes of nutrient exchange between bottom sediment and water. Increased temperature 
may be responsible for extension of time and intensification of toxic cyanobacteria 
appearance in reservoirs. On the other hand, intensified productivity of vegetation in 
buffering ecotonal zones may result with reduction of external load to freshwater and 
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